INTRODUCTION
Fluorescence microscopy is an indispensable tool in biomedical studies because it provides molecular information to be located within cells or tissues spatially and temporally. In the last decade, significant improvement of optical resolution beyond diffraction limit based on fluorescence microscopy has been realized (Huang et al., 2010) , down to nanometer or even angstrom scales recently (Weisenburger et al., 2017) . These techniques rely on either wavefront engineering or wide-field imaging of signal blinking or fluctuation (Huang et al., 2010) , and thus are not able to enhance resolution inside thick tissue due to scattering, aberration, and out-of-focus signals. One particularly strong motivation for thick-tissue super-resolution is the urgent need to map the neuronal network and connectivity at dendritic level throughout a whole intact brain with high enough spatial resolution to understand brain functions.
There have been lots of recent efforts to enhance spatial resolution in deep tissue. For example, localization microscopy combined with temporal focusing (TF) (Vaziri et al., 2008) or (two-photon) light sheet Zanacchi et al., 2011) provides optical sectioning for excitation, but the scattering-induced cross talk in space due to the wide-field detection scheme limits the thickness of the samples to be less than 100 mm. Another wide-field-based technique, structured illumination microscopy (SIM), exhibits similar issues on both excitation and detection. Even when combined with a line scan confocal scheme, the imaging depth of SIM is still limited to 20 mm (Schropp et al., 2017) . On the other hand, stimulated emission depletion (STED), reversible saturable optical linear fluorescence transitions (RESOLFT), and saturated excitation (SAX) microscopies, which are based on a point scan confocal geometry and reduce the spatial cross talk, are demonstrated to achieve super-resolution at tens of micrometers imaging depth (Schnorrenberg et al., 2016; Takasaki et al., 2013; Yamanaka et al., 2013) . The key is to maintain a consistent beam shape deep inside the sample. For example, the imaging depth of STED is enhanced to about 100 mm in a cell aggregate by using a correction collar to minimize spherical aberration (Urban et al., 2011) . Recently, a hollow Bessel beam STED reported 100-nm resolution at imaging depth of 155 mm in an agarose sample, which is highly transparent (Yu et al., 2016) . Although STED and RESOLFT seem to be more promising for tissue imaging, their resolutions are in general on the order of 60-100 nm, i.e., less resolving power than the localization approaches. One recent innovation is to expand the tissue, to achieve simultaneous clearing and resolution enhancement Chen et al., 2015a; Ku et al., 2016) . Nevertheless, the effective imaging depth is thus reduced, and the expansion techniques do not provide increasing ratio of depth and resolution. Thus, a better strategy is to combine localization with optical sectioned detection, such as line scan confocal microscopy (Lee et al., 2012) . However, the reported resolution-depth performance of this combination is 60-nm spatial resolution at 80 mm depth, which is comparable to other methods.
In this work, we utilized spinning disk confocal microscopy, which is commercially available and widely used in biology, to reject out-of-focus fluorescence (Uno et al., 2014) . The spatial resolution and penetration depth are simultaneously enhanced by combination of molecular localization and optical clearing (Liu and Chiang, 2003) . With the aid of a blinking fluorescent protein, Kaede , which can be expressed in neurons of interests, we demonstrated that confocal localization deep imaging with optical clearing (COOL) can reach less than l/20 lateral resolution at nearly 200 mm depth inside an intact Drosophila brain, which is the highest record of depth-over-resolution ratio reported to date in the literature. The combination of resolution and imaging depth provides a potential route to map the neural network among the densely packed 100,000 neurons in the whole brain at high resolution.
RESULTS

Optical Sectioned Observation of Blinking Fluorescent Protein Kaede
Figures 1A and 1B show the comparison between conventional wide-field and spinning-disk confocal imaging on the same G0239-Gal4 neurons, which express Kaede fluorescent protein, in a Drosophila brain (see Supplemental Information for sample preparation) . As expected, the wide-field modality loses contrast within less than 50 mm depth, even if the brain was mounted in a clearing reagent, whereas confocal works well all the way into the brain. The images acquired by the spinning-disk confocal microscope demonstrate high quality of blinking fluorescence spots for localization, whose example is given in Figure 1C (see Video S1 for blinking fluorescence spots in deep tissue).
As a photoconvertible fluorescent protein, it is no surprise that Kaede has been used in photoactivatable localization microscopy (PALM) (Betzig et al., 2006) . However, please note that the blinking in Video S1 is not based on photoconversion. Here we found that the red form, or photoconverted form, of this photoconvertible fluorescent protein exhibits a blinking state, which has not been reported before. Its blinking properties are presented in Transparent Methods. The brightness of the blinking state is enough to enable 20-nm spatial resolution. Similar to all localization-based techniques, by accumulating images over time, a comprehensive map of fluorophore distribution is unraveled.
Resolution Enhancement in the Top and Bottom of an Intact Brain
This set of experiment is done in two different Gal4 lines, namely, G0239-Gal4 cells and krasavietz-Gal4 cells (see Figure S3 for these neuron morphologies and the areas for imaging). The former neuron is just below the surface of the brain, whereas the latter is located at the bottom of the brain. Therefore the selection of these two neurons provides a control group to examine resolution enhancement at different depths of an intact Drosophila brain.
Figures 1D and 1E demonstrate the significantly enhanced spatial resolution by COOL microscopy at the surface of brain. The cross-sectional profile of one dendrite is given in Figure 1F . Quantitatively, with the spinning disk confocal system, the full-width-at-half-maximum is about 408 G 35 nm, whereas that of COOL is 80.8 G 4.2 nm (statistics in Figure S1 and Table S1 ), which presents the real diameter of a dendrite inside the Drosophila brain . The spatial resolution of COOL is determined by the uncertainty of localization, i.e., 25.2 G 9.8 nm (see Figure S2 ), which is 15 times better than the confocal resolution.
Please note that conventional wide-field localization techniques also provide resolution enhancement at the sample surface, thus the main impact of COOL microscopy is to achieve super-resolution inside a thick tissue. This capability is demonstrated in Figures 1G and 1H , which are acquired at the bottom of a Drosophila brain, namely, the dendrite network of krasavietz-Gal4 cells . As expected, the confocal microscopy shows a blurred image of the densely distributed neuropil, whereas the COOL modality provides high-contrast and high-resolution visualization of the dendrite network. The quantitative value in Figure 1I and the corresponding statistical analysis in Figure S2 indicate that the localization uncertainty is 21.6 G 10.1 nm at this depth, manifesting that resolution enhancement down to less than l/20 is consistently obtained throughout the whole brain. Figures 1J and 1K show that two adjacent dendrites can only be resolved by COOL microscopy. The 20-nm spatial resolution is necessary to distinguish tightly entangled neurites, whose minimal separation is two times the thickness of a cell membrane, i.e., 10 nm, when a fluorescent protein is expressed in cytosol. 
Photoconversion to Replenish Blinking Fluorophores
An additional highlight of the technique lies in the photoconvertibility of Kaede, which allows replenishment of the blinking red form with the aid of a 405-nm laser, as demonstrated in Figure 1L (see Figure S4 for a control experiment showing that the red form of Kaede does not increase without 405-nm illumination). One major issue in most super-resolution microscopy is the bleaching of fluorophores under high-intensity illumination, resulting in structure discontinuity, and photoconvertibility potentially helps to solve this issue.
Volumetric Tracing of Densely Entangled Dendritic Fibers
The optical sectioned 20-nm resolution throughout a whole brain provides unprecedented opportunity to distinguish closely intertwined neurons in three dimensions. One nice example is the G0239-Gal4 neurons , which consists of two neurons in each side of the brain, and their dendritic fibers densely entangle into a complex network extending tens of micrometers. Here we show that COOL is able to unravel the neurite distribution, as shown in Figure 2 . Figure 2A presents sequential images in the axial direction with COOL and confocal modalities. The arrowheads illustrate how to identify a dendrite twist in three-dimensions with COOL. The correspondingly reconstructed dendrite network is given in Figure 2B , with color marked on individual dendrites. It is apparent that only with the exceptional combination of spatial resolution, penetration depth, and optical sectioning of COOL the two three-dimensional (3D) intertwined dendrites can be discriminated without additional genetic manipulation, but this is not possible with either confocal or conventional localization microscopy. Figure 2C shows a large-scale separation of dendritic branches between the two cells of G0239-Gal4 (see Video S3 for the 3D view and Figure S5 for discussion with confocal and electron microscopy). These results demonstrate the potential of COOL toward constructing whole-brain neural networks even with the unusually thin dendrites in Drosophila.
DISCUSSION
We have demonstrated localization microscopy at unprecedented depth in this study, with the aid of highspeed confocal setup, a blinking fluorescent protein, and optical clearing. The depth-resolution comparison of various state-of-the-art techniques are summarized in Figure 3 . The COOL techniques are marked with a red star, which is located at the upper-left corner of the plot, i.e., the most wanted corner. To compare with other deep-tissue super-resolution techniques, the figure of merit can be defined as the ratio of imaging depth over spatial resolution. As shown in the right panel of Figure 3 , COOL apparently provides the state-of-the-art performance over all other methods. Please note that the current 160-mm imaging depth represents the thickness of the Drosophila brain, not depth limit. As the super-resolution does not degrade throughout the whole brain, the COOL technique could be potentially applied to much thicker samples.
One particular advantage of COOL comes from commercially available tools such as spinning disk confocal microscope and genetically controllable blinking proteins, thus facilitating easy access among biologists. The ability to resolve neuronal fine structures in intact animal brain below diffraction limit opens the possibility to unravel biological questions such as neuron morphological structure on a nanometer scale, as well as protein distribution on the synapses due to memory formation or loss, aging, social interactions, etc.
In summary, we have achieved an unprecedented combination of 20-nm lateral resolution in 200-mmdeep tissue samples, based on amalgamation of key technologies, including spinning disk confocal, localization microscopy, optical clearing, and a blinking fluorescent protein. The photoconvertible fluorescent protein enables sequential conversion into blinking forms, to facilitate neural tracing in a dense network. The technologies are readily available for many biologists without the need of upgrading hardware. This method can be widely used not only for brain neural network studies but also for other high-resolution imaging in biological tissues and cells.
Limitations of the Study
There are several limitations in the current design. First, the axial resolution is still diffraction-limited to about 1 mm due to the spinning disk confocal design. The axial resolutions of various super-resolution techniques have been well documented, and in our case (Sahl et al., 2017) , they can be further enhanced by incorporating point-spread function engineering (Diezmann et al., 2016) into the spinning disk system. Second, the Kaede fluorescent protein requires a toxic chemical b-mercaptoethanol (bME) to stimulate its blinking (see sample preparation in the Transparent Methods), and FocusClear does not work for live tissue, so currently it is not possible for in vivo observation. However, we would like to point out that the spinning disk system is suitable for live brain studies, with reasonable penetration capability. Therefore finding a proper agent for live-tissue clearing (Zhu et al., 2013) as well as photoactivatable proteins that blink in live-cell conditions will enable 3D super-resolution in a live brain.
Third, the imaging speed is limited by the brightness and blinking rate of the fluorophores, and can be further improved by optimizing laser power and the density of activated fluorescent protein at each frame (Fox-Roberts et al., 2017) . It is possible to achieve one super-resolved frame within a split second (Dertinger et al., 2009; Jones et al., 2011) . Last but not least, the neurite fiber distribution is identified manually now. It will be a necessary next step to develop an auto-tracking program to find out dendritic tree divisions and locations of neurite terminals and synapses. (C) 3D reconstruction of super-resolved complete dendritic network of G0239-Gal4 (see raw data in Video S3, segmentation in Video S4, and 3D view in Video S5). Two colors indicate that the fibers are from two different cells. The inset shows 3D confocal image from the same neuron, manifesting that the dense dendritic arbor cannot be resolved. Scale bars: 3 mm in (A and B) and 5 mm in (C and its inset). The axial step is 0.75 mm, and the image thickness is 6 mm in (B) and 28 mm in (C).
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file. (Rust et al., 2006) . (2) Combination of TF and localization microscope (Vaziri et al., 2008) . (3) Combination of light sheet and PALM (Zanacchi et al., 2011) . (4) Combination of line scan confocal and localization microscope (Lee et al., 2012) . (5) Spinning disk confocal localization without clearing (the points 5 and 13 overlap together) (Schueder et al., 2017) . (6) Hexagonal line-confocal SIM (Schropp et al., 2017) . (7) Two-photon excitation with pulsed STED depletion (Takasaki et al., 2013) . (8) RESOLFT (Schnorrenberg et al., 2016) . (9) STED with aberration-reducing optics (Urban et al., 2011) . (10) Hollow Bessel beam depletion STED in agarose (Yu et al., 2016) . (11) SAX (Yamanaka et al., 2013) . (12) Combination of tissue clearing and STED (Ke et al., 2016) . (13) Combination of tissue clearing and localization microscopy (Ke et al., 2016) . (14) Expansion microscopy (Chen et al., 2015a) . (15) Iterative expansion microscopy . (16) Magnified analysis of the proteome (Ku et al., 2016) . 
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The authors declare no competing interests. Table S1 , showing greatly enhanced spatial resolution with COOL throughout the whole brain. Scale bar: 5µm (top row), 500nm (bottom row). 
xz projection images of (a) G0239-Gal4 neurons and (b) krasavietz-Gal4 neurons,
showing how they extend to a large volume inside a Drosophila brain. The yellow squares in (a) and (b) indicate the dendritic networks that correspond to Fig. 1(d,e) and Fig. 1(g,h) , respectively. The former is close to brain surface, while the latter is at the bottom of brain. scale bar: 100µm. When there are only 2 V3 neurons expressing in each side of brain, we showed here that 8 right brain V3 neurons from 8 different individuals exhibit different shapes of dendrite innervation areas (images from MARCM flipped single V3 neurons in Flycircuit database http://flycircuit.tw). These data indicate that, due to the individual variability, dendritic arbor of V3 neurons are different in each animal. Therefore, although one ideal approach to confirm the segmentation correctness in Fig. 2c is to compare with electron microscopy (EM) image of the same neuronal arbor, which can be found in (Takemura et al., 2017) , due to individual variation, the side-by-side comparison is not effective.
On the other hand, the EM image does help to verify the diameter of dendritic branches measured by COOL. The EM image of the same V3 neurons was previously published in Fig. S4c of . It shows that the dendrite diameter is on the order of 100 nm or less, agreeing well with what we have observed in Fig. 2 .
Please note that as shown by the eight confocal images of the same neuron, the dendrite network inside the neuronal arbor cannot be distinguished at all. The neural tracing capability of COOL in Fig. 2c is apparently much better than state-of-the-art confocal microscopy. 
(f) and 1(i).
The table gives the Gaussian-fitted FWHMs corresponding to different cross-sections (the bottom row) of Fig. S1 . The average and standard deviation are given in the last two rows.
Fly stocks
Fly stocks were raised on cornmeal food at 25 °C and 70% relative humidity under a 12:12-h light/dark cycle. The following fly lines were used in the current study:
G0239-Gal4 (Pai et al., 2013) (16239, Bloomington Stock Center) and krasavietzGal4 were used to label Drosophila brain neurons; UAS-kaede ) (26161, Bloomington Stock Center, RRID:DGGR_109667) was used as expressing kaede protein in Gal4 labeled neurons.
Brain sample preparation
Fly brains were dissected in phosphate-buffered saline (PBS, pH 7.2) and immediately transferred to a microwave-safe 24-well plate containing 4% paraformaldehyde in PBS. The plate was placed on shakers for 25 min. Fixed tissues were then permeabilized and blocked by incubating in PBS containing 2% Triton X-100 and 10% normal goat serum (NGS; Vector Laboratories, Burlingame, CA) at 4°C
overnight. Fly brains then mounted in FocusClear™ (CelExplorer, FC-101) medium, with 0.7% of b-mercaptoethanol (bME) (Sigma-Aldrich M6250) 24~48 hrs before imaging, to enhance fluorophore survival rate as well as maximal number of switching cycles. (Dempsey et al., 2011) 
Characterizing blinking property of Kaede
As a blinking probe, it is important to characterize the physical properties of Kaede, e.g. mean switching cycles, the on-off duty cycle, and survival fraction. Here, the analysis was based on an image sequence with 250 ms exposure time per frame and in total 2000 frames, i.e. 500 s total recording time.
To obtain switching cycles, we had to determine the total on-state time of a single fluorescent molecule, divided by how long individual blink event lasts. To identify how long individual blink event lasts, we used "Merging" function of ThunderSTORM (ImageJ plugin) (Ovesny et al., 2014) . The average blinking time and the total on-state time were found to be 258 ms and 800 ms, respectively. Therefore, the average switching cycles was 800 / 258 = 3.1.
For the on-off duty cycle, it was determined by dividing the total on-state time by the total recording time, i.e. 800 ms / 500 s = 0.0016. We then calculated the survival fraction of Kaede, which was derived from the ratio of blinking event number in the 2000th frame (102) to that in the first frame (515), leading to 0.198 survival fraction after 500 s illumination.
Compared to other yellow-absorbing organic dyes (Dempsey et al., 2011) , such as Cy3 and Alexa Fluor 568, their mean switching cycle are 1.6 and 52, mean dutycycle are 0.0003 and 0.0027, and survival fraction after 400 s are 0.55 and 0.99, respectively. Please note that these characterizations were performed with purified dyes on coverslip. In our case, genetically generated Kaede is expressed in an intact brain, and shows relatively fair performance in terms of switching cycle and duty cycle, but relatively low survival rate. The poor survival rate of Kaede might be due to high excitation intensity requirement when imaging endogenously expressed fluorescent protein.
Optical setup
The images were taken with a 63x, 1.3 NA glycerol objective (PL APO HCX CS, Leica, Germany) lens mounted on a DMI6000 microscope (Leica, Germany) equipped with CSU spinning disk confocal scan head (Yokogawa, Tokyo, Japan), an objective piezo Z drive (Physik Instrumente, Karlsruhe, Germany), and an Andor 885 EMCCD (Belfast, UK) with an additional 1.2x tube lens controlled by MetaMorph (version 7.8.12.0, Molecular Devices, Sunnyvale, California, USA). With the aid of a 100 mW, 561-nm excitation source (ILE4000, Andor, UK), which fitted the excitation band of photoconverted Kaede (red form), substantial blinking was observed, allowing subsequent localization computation. Please note that no conversion of Kaede was necessary for super-resolution, so only one excitation laser was required.
For Fig. 1l It is interesting to note that the spinning disk system did not provide diffractionlimited resolution, probably due to the underfilled objective and intrinsic aberration in the system. Similar non-ideal resolution of spinning disk was observed recently. (Chen et al., 2015b) Since no aberration correction was included here, our result in fact reflects that localization microscopy is less sensitive to aberration, compared to wavefront engineered super-resolution techniques like SIM and STED.
The confocal images in Fig. 1 and Fig. S3 are averaged over fifty images, to improve their signal-to-noise ratio. For COOL imaging, at least 1000 images were acquired, with 3 -4 frames/sec in speed. The localization analysis was performed via the free ImageJ plugin ThunderSTORM (Ovesny et al., 2014) . OriginPro 2016 was used to illustrate Fig. 3 and curve fitting in Fig. 1(f) , 1(i), 1(k).
Image processing with ThunderSTORM
For proper localization results, several hardware parameters in ThunderSTORM had to be correctly set. First, the pixel size was set as 105.8 nm, which was derived from the 8 µm CCD pixel size and the magnification ratio between the objective (63x) and the tube lens (1.2x). Second, the photoelectron per A/D count was set as 4.88, obtained from the CCD full well capacity (80,000 electrons) divided by the 14-bit digitization. Third, the base level was set as 0 since no significant background was observed during image acquisition.
There were also a number of software parameters to determine, including image filter, approximate localization methods, sub-pixel localization methods, and ways of visualization. For image filtering, "lowered Gaussian filter" was selected, with sigma set as 1.4. For approximate localization method, we chose "local maximum" method with 8-neighbourhood connectivity. The threshold of one standard deviation is used, to ensure the number of solved point is enough to show clear structure, while avoiding misinterpreted point spread functions from noise. In terms of sub-pixel localization, "integrated Gaussian" was adopted, with 3-pixel fitting radius, weighted least square, and 1.6-pixel initial sigma. The visualization condition was set as normalized Gaussian, with 10x magnification and 10-nm lateral uncertainty (Force button checked). In addition, drift correlation of ThunderSTORM was performed after visualization.
Manual image segmentation
The complete 3D raw data stack of Fig. 2(c) is provided in supplementary movie S4(a). Since some structures are not continuous, similar to the situation of most superresolution imaging, we decided to perform manual image segmentation, instead of relying on existing software. One important a priori information is that there are two G0239-Gal4 cells on each side of the brain, as shown in Fig. S3(a) . The dendritic network tracking began from thick dendritic fibers (the left-hand side in the yellow rectangle of Fig. S3(a) ), where we can easily identify two fibers. The branches of these two fibers are manually traced and recorded with the "Paintbrush tool" in ImageJ, to mark segments that belong to the same dendritic fiber, as shown in supplementary movie S4(b). Subsequently, the 3D marked segments were then transferred into corresponding label field in Avizo 7.1 (ThermoFisher) as a mask, and multiply with the raw confocal image to remove background while keeping the signal strength, thus generating 3D super-resolved reconstruction of the selected dendrites.
